and Alejandro F. Frangi assessment of acetabular orientation would enable the relationship to be determined. We present a surface-based method to 23 establish a reliable PCS and develop software for semi-automatic measurement of acetabular spatial parameters. Vertices 24 on the acetabular rim were manually extracted as an eigenpoint set after 3D models were imported into the software. A 25 reliable PCS consisting of the anterior pelvic plane, midsagittal pelvic plane, and transverse pelvic plane was then 26 computed by iteration on mesh data. A spatial circle was fitted as a succinct description of the acetabular rim. Finally, a 27 series of mutual spatial parameters between the pelvis and acetabulum were determined semi-automatically, including the 28 center of rotation, radius, and acetabular orientation. Pelvic models were reconstructed based on high-resolution computed 29 tomography images. Inter-and intra-rater correlations for measurements of mutual spatial parameters were almost perfect, 30
showing our method affords very reproducible measurements. The approach will thus be useful for analyzing anatomic 31 data and has potential applications for preoperative planning in individuals receiving total hip arthroplasty. 32
Introduction

36
Total hip arthroplasty (THA) is considered to be a successful treatment for patients with end-stage hip osteoarthritis 37 [1] . Diseases and surgical procedures of the hip are inherently three-dimensional (3D), occurring in and around the 38 proximal femur and the acetabulum. With the advent of cementless implants, the orientation of the femoral component 39 must be consistent with the geometry of the femoral medullary cavity. Correct implantation of the acetabular component in 40 THA is critical with respect to long-term survival as well as short-term complications [2] . http://www.slicer.org/). After reconstruction, 3D models of the acetabulum are imported into our software. By manually 76 selecting some anatomic landmarks on the model, the software can automatically calculate acetabular spatial parameters. 77
The entire acetabular rim, less the notch, is required to determine the actual 3D orientation of the acetabulum's aperture. 78
To achieve this, a 3D PCS needs to be established before acetabular measurements. 79
Standardized pelvic coordinate system
80
Four initial markers are manually located on the anatomical landmarks to begin the analysis (Fig. 1) . Spheres with 81 centers at each initial marker are used to clip points on the surface model. The spherical implicit function for clipping is 82
where is a point on the surface model pelvis U ; R is the radius of the sphere, which should be large enough to 84 cover the landmark; and OP is the distance between P and the sphere center O . Thus, four clipped point sets are used 85 in the APP and MSP computations. 86 
88
Point sets (red) are clipped using a spherical implicit function (green region; see equation (1)). 
90
The APP can be considered as a tangent plane containing the ASISs and the pubic tubercles. The initial APP consists 91 of the initial ASIS marker bilaterally and the midpoint between the markers on the left and right pubic tubercles. At each 92 step of the iteration, points in the clipped point set are sorted by their displacement relative to the APP determined by the 93 current markers. The most anterior point becomes the next marker, and the APP is recomputed (Fig. 2) . The algorithm will 94 converge on a solution after several iterations. The general computation process can be described by the following steps: 95 > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < coordinate system is used to mirror the original shape (Fig. 3) . 109 T is calculated to form a midpoint set.
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <
Because these points are all considered to be on the optimal mirror plane, a fitted least-squares plane (Fig. 4) 
123
From the clinical perspective, the ASISs and pubic tubercles could provide a reliable reference because they are 124 easily accessible when the patient is in the lateral position. However, from the graphical perspective, taking the entire 125 pelvis into account would provide a benefit, such as a more accurate estimate. 126
The origin of the PCS and transverse plane
127
Because the APP and MSP are computed without a perpendicularity constraint, it is necessary to modify one of 128 them to guarantee perpendicularity. We recommend modifying the MSP rather than the APP because the MSP has a higher 129 clinical significance. The normal vectors associated with the MSP and the APP provide the orientation of two coordinate 130 axes, and the orientation of the third coordinate axis is determined by a cross-product computation as 
139
A recently published method introduced the use of a three-point circle as an initial estimate of the acetabular rim [24] . 140
However, the rim is usually not precisely circular. Our proposed method takes this into account. First, a series of nodes are 141 manually located along the curved osseous ridge, and a cubic interpolation is used to build a B-spline path ( 
where OA is operative anteversion; OI is operative inclination; RA is radiographic anteversion; RI is radiographic 169 inclination; AA is anatomical anteversion; AI is anatomical inclination. 
Experiment and evaluation
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render the results of acetabular orientation. After importing the model, our proposed semi-automatic system can quickly 176 calculate the orientation. 177
For evaluation experiments, the right acetabulum was chosen. High-resolution CT data with a slice thickness of 1 mm 178 and an average in-plane (x-y) resolution of 0.977 mm of 88 normal people (mean age of 43  27 years, 51 male and 37 179 female) receiving pelvic scans for reasons not related to orthopedic conditions were selected from Shanghai Nine 180
People's Hospital institution's database. 181
It is important to evaluate the accuracy of the APP and MSP computations. Theoretically, the APP is a unique 182 solution, and practically it can be obtained after at most four iterations. Rapid convergence required only one iteration in 183 60 cases (68.5%), two iterations in 21 cases (23.9%), three iterations in 5 cases (5.7%), and four iterations in 2 cases 184 (2.3%). The average number of iterations was 1.42±0.33, and the maximum was 4. Due to the complex 3D morphology 185 of the pelvis, evaluation of the MSP computation should also be surface-based. The point-to-surface distances between the 186 mirror pelvis and the original pelvis for every vertex of the model (Fig. 7) averaged over all 88 subjects was 1.34  0.49 187 mm. As illustrated in Fig. 3 , the ICP shape is the optimal mirror shape. 188 189 Fig. 7 . Color-coded point-to-surface distances between the mirror pelvis and the original pelvis for every vertex.
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This method performed well in the determination for all of the 88 subjects. The major error source from observers 191 was the randomness of the placement of the initial markers, especially for the two endpoints of the rim path. Different 192 observers placed the endpoints at different positions on the osseous ridge or in the notch. To evaluate the differences 193 among raters and surface models, we produced three surface models of a random patient using different threshold values in 194 segmentation, mesh smoothing, and decimation in reconstruction. Taking the parameter of the radiographic anteversion of 195 acetabulum as an example, the experiment for the patient showed that values were similar across models and raters (Table  196 1 
199
The intra-class correlation coefficient (ICC) evaluation is a two-way analysis of variance model that accounts for 200 random effects of both different users and subjects and it has been widely adopted to assess the reliability for a group of 201 typical users [26] . In this study, ICC scores on anteversion and inclination in the standard angular definitions (operative, 202 radiographic, and anatomic) and the radius of the acetabular rim were used to evaluate the reliability. Three trials were 203 independently performed by three raters (Yiping Wang, Henghui Zhang, and Liao Wang) on all subjects. Raters started 204 with raw DICOM (Digital Imaging and Communications in Medicine) images and performed all operations such as 205 thresholding, segmentation, reconstruction, and initial marker placement using the 3D software. Both intra- (Table 2) and 206 inter-rater (Table 3) 
Discussion and conclusion
217
We have presented a novel surface-based approach to determine key spatial parameters of the acetabulum. A new 218 PCS consisting of the APP, MSP, and TPP was derived from a 3D pelvic surface model. Based on the PCS, critical 219 acetabular parameters can be determined semi-automatically. High efficiency was achieved for the entire algorithm 220 procedure while enabling highly reproducible measurements of acetabular spatial parameters, with almost perfect inter-221 and intra-rater ICC scores. 222
Compared with the MSP determination using simple landmark points, the surface-based approach maximally reduces 223 manual error of acetabular angle measurements and greatly improves the reliability. The computation time depends on the 224 number of points on the surface model and the number of iterations in the ICP algorithm. In this study, we chose at most 225 50 iterations as adequate and 0.001 mm as the maximum mean distance. The number of vertices on each pelvis model was 226 about 300,000. The time consumption was less than 2 seconds after selection of the four initial points for each case using a 227 standard PC, which is comparable with the study reported by Fieten et al. [22] . 228
Parameter Trial
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A better description of the acetabulum should be a spatial circle. Different investigators have taken different 229 approaches to modeling acetabular orientation. Higgins et al. [24] presented a best-fit plane for describing the acetabular 230 orientation. Jó wiak et al.
[27] presented a set of section planes parallel to the acetabular opening plane to search for an 231 average trend line that joins the centers of the circles fitted by the intersection curve. We took the point set on the 232 acetabular rim as a feature extraction and found that an acetabular circle could provide a succinct description, which helps 233 to determine the center of rotation. A circle with its radius, perimeter, and normal vector can be computed by combining 234
sphere-fitting and plane-fitting algorithms. An average point-to-circle error of 3.03 millimeters was obtained in the circle 235 fitting experiments. However, the main error source is not computational, but rather the complex morphology of the native 236 acetabulum. A better description of every native acetabulum may be an equation of a best-fit curve in a cylindrical 237 coordinate system. Related work is in progress, and we believe that it is meaningful not only for pre-planning and 238 image-guidance of THA interventions, but also for patient-specific design of acetabular prostheses in the future. 239
Optimal placement of the acetabular prosthesis is critical for the success of THA. However, the target placement for 240 the prosthetic component is still unknown. The current measurement of the native acetabulum as well as the acetabular 241 component is not accurate or reliable without taking the pelvis into account. Our "Acetabulometer" establishes a reliable 242 3D PCS and measures the critical acetabular parameters based on the reported PCS. Overall, the semi-automated 243 segmentation and measurement system is sufficiently fast, accurate, and reliable to be applied to the analysis of a large 244 sample. Our approach may have the potential to determine the optimal target for the placement of the acetabular 245 component in THA. 246 
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